A new concept for the fabrication of integrated microring resonators, requiring only one single epitaxial growth and two single-side lithographic steps, is proposed in what is the simplest fabrication scheme for vertical microrings published to date. The approach is based on two vertically stacked phase matched core layers. The effect of bus waveguide, coupling region and ring structure parameters is theoretically analyzed. Numerical calculations predict high performance devices with quality factors of over 10000. The scheme can feature both active and passive regions, allowing the fabrication of microring lasers. 
Introduction
Microring resonators are key building blocks in the structure of a large variety of photonic integrated devices. Thanks to their sharp wavelength selectivity and compact feature size, microring resonators are suitable for numerous optical applications such as filtering [1] , lasing [2] , modulation [3] , routing [4] , optical processing [5] and all optical logic gates [6] . The basic layout of a ring resonator consists of a circular waveguide and two tangential straight waveguides serving as evanescent wave input and output couplers to the ring. The ring radius is defined by the functionality of the device, whereas the coupler geometry offers two structural possibilities: laterally coupled and vertically coupled microring resonators.
In the lateral approach, the microring and the bus waveguides lie on the same horizontal plane, implying certain drawbacks. First, the coupling gap between the microring and the bus waveguides usually needs to be submicron, requiring electron beam lithography in order to ensure sufficient coupling. Such small features results in nanometric tolerances in the microring design, making it difficult to achieve reproducible device performance. Next, the fact that the microring and bus waveguides are defined in the same epitaxial growth drastically limits the flexibility in the device design. In this case, achieving functionalities which require active-passive integration results in a dramatic complexity increase in the fabrication process.
In order to overcome these issues, vertically coupled ring resonators have been investigated exhaustively over recent years [7] . With vertically coupled ring resonators, the layer structure contains two vertically stacked waveguide core layers, one to define the bus waveguides and the other for the microring. Vertical spatial distribution allows for the definition of active-passive structures, using one single epitaxial growth to define the passive bus waveguides and the active microring. Furthermore, since the coupling between the bus and the ring waveguides mainly depends on the thickness of the intermediate layer, which is accurately determined by the epitaxial growth, it can be controlled more precisely than it can in laterally coupled microring resonators.
The first disadvantage of vertically coupled microring resonators is the increased complexity of fabrication because wafer bonding [8] or regrowth [9] is usually required in order to manufacture such devices. A second disadvantage is the fact that two lithography steps are required either on each side of the wafer or after each growth step, making alignment a critical issue [10] .
In this paper a new concept for regrowth-and wafer-bonding-free vertically coupled microring resonators is presented. The proposed structure is based on two vertically coupled phase matched waveguides. One single epitaxial growth and two single-side standard photolithographic steps are required in what is the simplest fabrication scheme for vertical microrings published to date. The approach is suitable for either only-passive or activepassive functionalities and is compatible with the integration scheme proposed by the authors in [11] .
Concept
A three dimensional representation of the proposed device is shown in Fig. 1 . The vertical confinement of light is achieved by means of two vertically stacked phase matched cores. The lower core is used to define the bus waveguide, whereas the upper core provides the optical guiding in the ring. In section A, only the lower bus waveguide is defined. It is smoothly bent and tapered in order to efficiently transform the guided bus mode into the main whispering gallery mode of the disk bus structure in section B. In section B there is no need for the inner sidewall of the waveguide for an ultra-low loss propagation of light. This geometrical feature allows the definition of the ring over the bent bus waveguide. Section C provides the evanescent coupling between the bus whispering gallery mode and the upper ring mode. Light coupled to the ring is totally confined in the upper core because the underlying quasi-slab waveguide provided by the unetched bus core drastically breaks the phase matching condition between both waveguides [11] . The optical modes taking part in each section are shown in the insets of Fig. 1 . Fig. 1 . Schematic drawing of the proposed microring. The insets show the field distribution of the propagation modes in the bus waveguide (A), the disk bus waveguide (B), the coupling region (C1, C2) and the ring waveguide (D).
Design and simulation results

Waveguide design
The epitaxial layer structure is schematically shown in Fig. 2(a) and consists of two 0.8-μm-thick InGaAsP passive core layers (with a bandgap cutoff wavelength of λ g = 1.13 µm and a refractive index of 3.297), separated by a 0.8-μm-thick InP intermediate layer. If active functionalities are desired for the microring resonator, the upper core can be replaced by a structure whose equivalent refractive index maintains the phase matching condition with the passive underlying bus core. This requirement is met, for example, by a multi-quantum well active waveguide consisting of six 80-Å-thick 1% compressively strained InGaAsP (λ g = 1.55 μm) quantum wells separated by 190-Å-thick InGaAsP (λ g = 1.13 μm) barriers and sandwiched between two 190-nm-thick InGaAsP (λ g = 1.13 μm) separate confinement heterostructure (SCH) layers (see Fig. 2(b) ). In order to achieve a high confinement regime, both the bus and ring waveguides are deeply etched 0.6 μm beyond their core layers. 
Disk bus waveguide
The passive standard ridge waveguide defined over the substrate (Fig. 1, section A) which distributes the light among other elements on the photonic circuit acts as the bus waveguide when approaching the microring resonator. This bus waveguide is then gently bent and laterally tapered in such a way that it becomes a disk bus waveguide, its fundamental mode being laterally confined by the outer sidewall and the bending effect itself (see Fig. 2 , section B). Note that in the transition between the straight bus waveguide and the final disk bus waveguide there are some additional losses due to straight-to-bend and bend-to-bend connections. In Fig. 1 , an S-bend waveguide is used to make the transitions between the straight waveguide and the tapered section that finally excites the whispering gallery mode. Related works [12] suggest that 0.3 dB would be a safe value for the loss in the S-bend and the taper. The shape and width of the whispering gallery mode in the bus disk greatly depends on the bend radius R bus , which has to be large enough to wrap the upper microring and small enough to reach maximum mode-shape matching in the coupling region. A radius range from 100 to 400 μm provides a mode 1/e 2 width range from 2 to 4 μm, respectively, for TE polarization (see Fig. 3 ). Due to the high index contrast of the structure, quadratic shaped lateral tapers as short as 30 μm provide mode transformation losses of under 0.1 dB. Fig. 3 . Mode field distributions for TE polarization in a 2.5 um-wide passive ridge bus waveguide with (a) 100 μm and (b) 400 μm bend radius; (c) disk bus waveguide with 100 μm and (d) 400 μm bend radius.
The coupler
As soon as the disk bus mode reaches the coupling section, a fraction of the optical power is transferred to the ring waveguide by evanescent coupling (see Fig. 1 , section C inset). Since the vertical position of the core layers is established by epitaxial growth, the overlap between the two modes and, therefore, the coupling factor k depends mainly on the vertical misalignment g and the mismatch in the size of the two optical modes. The width of the upper ring waveguide w is constrained by the single-mode propagation regime in the resonator, whereas the width of the mode in the disk bus waveguide is determined by its radius R (see Fig. 3 ).
The calculation of coupling factor k between the two waveguides calls for analysis of a three-dimensional structure of two vertically stacked waveguides, each with a different bending radius, which is a complicated task. The Finite Difference Time Domain (FDTD) method turned out to be very time-consuming for radii of more than 30 μm, proving impractical for our purposes. In view of weak coupling conditions, the simulation method used in this work is based on the discretization of the coupling region into differential steps, each one of them becoming a section of the structure (see Fig. 4(a) ). The amount of optical power transferred between the bus and ring waveguides was then calculated in each differential section invoking coupled mode theory [13] , followed by integration of all the calculated values along the structure. This method makes use of the unperturbed modes of the bus and ring waveguides which are obtained by matching the refractive index of the other core layer to that of the cladding. A commercial three-dimensional complex mode solver [14] was used to calculate the normal modes of both unperturbed waveguides, each of them calculated with its specific curvature radius (see Fig. 4(b) ). The geometrical analysis of Fig. 5 allows the estimation of the propagation angle for each mode, as well as an estimation of the exact transverse displacement determined by both, the radius difference of the waveguides and vertical misalignment g. Therefore, the local coupling value for the current section can be calculated by joining the unperturbed waveguide modes with these two geometrical parameters in a full vectorial film mode matching calculation [14] . Finally, the data set obtained is numerically integrated to obtain a good approximation of the total optical power transference between the two waveguides along the structure. Figure 6 shows the calculation results of k as a function of vertical misalignment g and ring radius R ring for a ring waveguide width wring of 2.5 μm and a bus waveguide radius R bus of 100 μm. As expected, larger radii provide higher power transfer, reaching values as high as 23% for a ring radius of 80 μm and a lateral gap of 0 μm. Typical values for the coupling efficiency in previous works range between 4 and 10% [9, 15, 16] , therefore the proposed concept provides a safe range of values for this parameter. Note that submicron changes of the lateral gap result in rather large coupling variations. Note also that a lateral misalignment of 0.5 μm (typical for the current state-of-the-art mask alignment process) results in a 50% reduction in the coupling efficiency with respect to its maximum. As shown in Fig. 3 , larger bus waveguide radii provide wider passive modes, relaxing the submicron influence of the gap g. Figure 7 shows calculated coupling coefficient values for different bus waveguide radii ranging from 100 to 400 μm, as a function of misalignment g. The ring waveguide width w ring and ring radius R ring are kept constant through the calculations, with respective values of 2.5 μm and 60 μm. As the bus radius increases, so does the mismatch between the disk whispering gallery mode and the ring mode, thus lowering the coupling coefficients from around 14% to 8% for zero gap g. The advantage of larger radii lies in a smoother response of k to variations in g, which increase the design tolerance. The dependence of the coupling factor on the ring waveguide width w ring was also analyzed. Calculations show little influence in the power transferred between the waveguides for ring widths between 2 and 4 μm. This is because the shape of the mode in the ring is determined by the bend radius rather than the width of the waveguide.
Both the high index contrast due to the deep etch and the lateral confinement provided by the smooth bend in the disk waveguide imply the low-loss propagation of higher order quasiguided modes. Figure 8(a) shows the field distribution of the first order whispering gallery mode in the bus waveguide for a radius R bus of 100 μm. Since the lateral taper in section B acts as a modal filter, it inhibits the propagation of high order modes in the device. However, the coupling efficiency of the system is reduced. Figure 8(b) shows the coupling factor between the fundamental ring mode and the bus first order mode; the coupling between the fundamental modes of the ring and bus waveguides is shown in gray for comparison. A gap of 0.5 μm and respective ring and bus radii of 80 and 100 μm, result in the first order mode in the disk receiving 37% of the power transferred to the bus waveguide. A straightforward technological approach to avoid this undesired behavior would be the etching of an inner sidewall for the bus waveguide inside the ring waveguide in order to reach single-mode propagation in the bus. Fig. 8. (a) Field distribution of the first order mode in the disk bus waveguide section for R bus = 100 μm, and (b) coupling coefficient k between the fundamental ring mode and the bus first order mode as a function of misalignment g and ring radius R ring . Ring waveguide width w ring (2.5 μm) and bus waveguide radius R bus (100 μm) are kept constant Figure 9 (a) shows the transverse structure of the ring waveguide in section D. The finite width of the ring waveguide compared to the infinite slab underlying bus core breaks the phase matching condition of the vertical layers. As a consequence, the even supermode of the structure is a weakly guided broad mode suffering large loss even for very small curvatures, while the odd supermode is a quasi-guided mode strongly confined in the ring waveguide. The field distribution of the two modes can be seen in Fig. 9(b) and (c) . Again, a commercial three-dimensional complex mode solver [14] was used to simulate the proposed structure for different ring curvature radii. Transparent boundary condition [17] was used on both sides of the simulation window to absorb the power leaking from the bend and through the underlying slab waveguide, avoiding parasitic reflection. Since no light is radiated in the vertical direction, a perfect magnetic conductor was used as boundary condition for the top and bottom edges of the simulation window (see Fig. 9(a) ). Figure 10 shows the total radiation loss (bending and leaky) for five different ring rib widths and for bend radii ranging from 30 μm to 1000 μm for TE polarization. Results for a standard ridge waveguide, fabricated on the same structure by removing the bus core layer, are also shown for comparison. In order to confirm these results, all the simulations were also performed using FDTD, the results of which perfectly match those shown in Fig. 10 . The behavior observed was totally different in the two situations. Bend losses in standard ridge waveguides are much lower and increase exponentially when the bending radius decreases, whereas in the double core structure, losses follow a remarkable oscillatory pattern, converging towards 0.1 dB/90° for radii below 100 μm. These loss levels in the microbend region are valid for the development of active microring devices in which round trip loss is compensated by the material optical gain, but are not low enough for passive filtering.
Ring waveguide optimization
Most bending and leaky loss in the ring is produced by optical power radiation through the underlying slab bus core. By defining a broad rib waveguide for the bus core instead of leaving it as an infinite slab structure (see Fig. 11(a) ), we avoid most of the radiation in the passive core plane while preserving the asymmetry between the waveguides. Calculated losses show values of under 0.2 dB/90° even for a radius of 30 μm (see Fig. 11(b) ). Table 1 shows the free spectral range (FSR), full width at half maximum (FWHM) and quality factor Q of four different microring resonators designed with the theoretical parameters obtained previously. A double-rib structure was considered for the ring waveguide and a safe maximum loss of 0.1 dB/90° was used in calculations. These results are similar to the ones provided by other structures proposed so far [9, 15, 16] . We expect that this design may be used to fabricate high performance devices. 
Microring design
Conclusion
A new concept for the fabrication of integrated microring resonators is proposed. The approach is based on two vertically stacked phase matched core layers and avoids the need for complex fabrication processes such as electron beam lithography, wafer bonding or regrowth. Only one epitaxial growth and two single-side lithographic steps are needed to produce high performance microring resonators. The disk bus waveguide configuration used in the coupling region makes design of the upper ring waveguide extremely flexible. Its position and even its shape, defined in the second lithographic step, allow for a large coupling factor tuning range. The underlying high index core of the bus waveguide lends great asymmetry to the structure of the ring, resulting in an oscillatory behavior of the bending losses as a function of radius and ring waveguide width, providing convenient low loss minima. Furthermore, the definition of a broad rib waveguide in the bus core layer under the ring drastically reduces bending losses. Quality factors higher than 10000 are predicted by theoretical calculations. The structure is compatible with the integration of active-passive functionalities, allowing for the fabrication of microring lasers.
